In recent years native mass spectrometry has been increasingly employed to study protein structure. As such a thorough understanding of the effect of the gas-phase on protein structure is becoming increasingly important. We show how a combination of top-down ETD and ion mobility can be used to probe the gas-phase structure of heterogeneous protein ensembles. By applying collisional activation to the non-covalently bound ETD products after IM separation, the peptide fragments can be released while maintaining the conformational information of the protein ion. We studied the unknown gas-phase structures of the measles virus (MeV) phosphoprotein X domain (P XD ), which shows a wide range of different conformations in the gas-phase. We then generated structural models by state-of-the-art gas-phase steered molecular dynamics, which we verified using restraints from ion mobility and the fragment patterns observed. Our findings illustrate the applicability of ETD for obtaining conformational specific structural information on heterogeneous protein ensembles.
Introduction
In recent years native mass spectrometry is increasingly used to study proteins and protein complexes. Although traditionally largely employed as a supportive technique, more recently native MS has shown to be able to address structural questions that are difficult to tackle with traditional biophysical techniques [1] [2] [3] [4] . Such studies are based on the notion that proteins can be transferred natively into the gas-phase. Although for globular proteins a large body of evidence suggest that they can be transferred into the gas-phase whilst retaining their solution fold 5, 6 , such conclusions might be harder to justify for proteins that have little secondary or tertiary structure. As such a thorough understanding of the effect of the gasphase on protein structure is becoming increasingly important, but especially for structurally heterogeneous protein ensembles still remains difficult to obtain.
Two popular approaches to study protein structures in the gas-phase are ion-mobility mass spectrometry (IM-MS) and top-down radical-driven fragmentation experiments. Ion mobility adds the possibility to a mass spectrometry experiments to detect and separate different conformations and provide low resolution global structural information in the form of a collision cross section (CCS). These CCSs can then be compared to those obtained after calculations on structures obtained by X-ray crystallography or NMR spectroscopy 6 . Topdown experiments, on the other hand, are based on sequencing of intact proteins with non ergodic, radical-driven fragmentation methods combined with mass spectrometry detection, yielding information on the primary structure of a protein with amino acid resolution.
Several studies have indicated that analysis of intact proteins under native conditions can also yield structural information, for example on the backbone flexibility or the exposed surface area (solvent accessibility of residues) [7] [8] [9] [10] . For example, it was shown that top-down electron transfer dissociation (ETD) enables surface mapping of the tetrameric protein alcohol dehydrogenase, by combining information from product ion spectra with solvent accessibility prediction of the amino acids in the protein structure 10 . Furthermore combining field asymmetric ion mobility spectrometry (FAIMS) separation with ECD revealed that the fragmentation patterns observed can be linked to the solution structure of a protein 11 . Here we provide evidence that top-down ETD can also be used to simultaneously characterize conformational differences based on their mobility arrival time-dependent ETD product ion spectra, when used in conjunction with ion mobility.
When ETD is coupled with IM (Fig S1) , the data can be viewed as a 2D intensity heat map, i.e. mobility arrival time versus mass-to-charge ratio (m/z). Specific regions of interest can be selected using procedures within the software to extract ETD product ion spectra from the heat map (Fig S1B) . Product ions originating from ETD, but released before the ion mobility cell, can be easily selected in this way, as they tend to lie on a diagonal line of increasing arrival time and m/z in the 2D intensity heat map. Alternatively, the ETD product ions may be liberated after ion mobility (following supplemental activation) when non-covalent interactions keep them together 10, 12 . Since the supplemental activation is applied upon entry into the transfer cell, positioned after ion mobility separation, fragments that are released at this stage will retain the mobility arrival time of their precursor ( Fig S1B) . This allows assignment of product ions to a specific precursor conformation, based on their common mobility arrival time. Thus, combining ion mobility with ETD allows for differentiation of fragments from co-existing conformers within a single experiment.
Although (excessive) supplemental activation might cause conventional collision induced dissociation (CID), we observe that CID products (b and y-ions) are only a minority of the fragments observed, with the majority being c and z ions which can be easily distinguished from CID products based on their mass differences.
Results
To test the ability of native top-down ETD to probe structural differences we turned to the well-characterized protein Calmodulin. In absence of Ca 2+ Calmodulin has been shown to exist in equilibrium between a compact (globular) and an extended ("dumbbell") conformation 13 ( Fig. 1A) . Our experiments yielded virtually similar results to previous IM-MS experiments on Calmodulin in the gas phase in terms of absolute collision cross sections and intensities of the conformations 14 , proving that the presence of radical anions does not interfere with ion mobility experiments. Using this approach we applied ETD fragmentation to the 7+ and 8+ charge states of CaM, which both display the two main CaM conformations. Figure 1 shows the fragments observed for the 8+ charge state extracted from the arrival times of the compact conformation ( Fig 1B) and extended conformation ( Fig 1C) upon applying 40V of collisional activation after ETD/IM. Applying supplemental energy is crucial to release the fragments from the ETnoD products , most likely as non-covalent interactions are keeping the fragments in place 10, 12 A distinct difference in both ETD fragmentation efficiency and fragment pattern is observed between the fragments originating from the compact and the extended precursor (Fig. 1A) . A similar trend is observed for the fragment patterns from both conformations in the 7+ charge state. Assignment of the observed fragments from the compact and extended conformations provided two different product ion spectra . The compact conformation yields fragments that originate mainly from the termini of the protein, whereas fragments from the extended conformation essentially cover the complete protein sequence (Fig. 1) . Mapping the observed fragments onto the known three-dimensional structures of calmodulin shows for the compact conformation that the fragments mainly stem from loops and helices that are located on the exposed surface of the protein.
For the extended conformation of CaM we observe the fragments to be much more widespread over the protein structure and even located on the extended linker helix (ɑ4-ɑ5), which is buried in the compact structure. As such we show that the main structural differences between these structures are reflected in the respective fragmentation patterns, validating the conformational specificity of native top-down ETD fragment patterns.
Having showed that this method is able to yield different fragmentation patterns for different conformations, we aimed to apply it to a system where the gas-phase structure of the protein was unknown. Here we used native MS and top-down ETD to probe the unknown gas-phase structure of the three-helix bundle phosphoprotein X domain (P XD ) from measles virus (MeV) in the gas phase. P XD is required for MeV replication, via binding with the nucleoprotein C-terminal domain (N TAIL ) 15 . P XD has been studied by X-ray crystallography and NMR, yielding a compact three α-helix bundle structure 16, 17 . (Fig. 2) . Interestingly, these conformations appear to be stable in the gas phase over a 60 V range of ion acceleration voltages, in a collision-induced unfolding (CIU) study (Fig. S3 ).
We investigated the gas-phase structure of P XD using native top-down ETD on the 5 S4 ). This is remarkable as these fragments stem from parts of the protein that appear as α-helixes in the solution structure 16 ; α-helix 1 and α-helix 3 encompasses amino acids 4-12 and 33-47, respectively. The suggested loss of structure for higher charges states of P XD is supported by the ion mobility data which yields collision cross section (CCS) between 1169 and 1334 Å 2 for the 6 + and 1354 Å 2 for the 7 + charge state (Fig. S2 ).
Comparing these CCSs to the theoretical value of 960 Å 2 for the solution structure indeed points towards a less compact, more open conformation of P XD for those charge states.
We then focused on the 5 + charge state, which displayed a broad range of distinct conformations. We observed 5 conformers with CCSs of 938, 1032, 1112, 1171 and 1237 Å 2 , which are well separated by IM-MS (Fig. 2) . By applying supplemental activation and correlating the product ions with the individual conformers via the mobility arrival time, we generated conformation-specific ETD fragment patterns. We ran a series of increasing supplemental activation (Fig.S5 ) to assess its effect on the release of fragments from P XD . At least 20V of supplemental activation was required in order to observe fragments. Increasing the supplemental activation further yielded a more extensive fragmentation pattern, although supplemental activation above 50V dramatically deteriorated the spectral quality.
We observed extensive sequence coverage for the two more extended conformations (Fig.   3 ). Interestingly, similar to the 6 + and 7 + we did not obtain fragments between AA 23-29 for any of the conformations, which are part of α-helix 2 in the solution structure (Fig. 3) . The difficulty to sequence α-helices by top-down ETD has been reported before, with specific salt-bridges -on top of the already extensive hydrogen bonding between residues in the helix -apparently strengthening the α-helix to an extent that it resists fragmentation even with supplemental activation 20 . For the third conformation we observed similar fragmentation patterns as for the two most extended conformations, with the exception of a large extent of α-helix 3, whereas the fragments continue to be observed from the loop between α-helix 2 and 3. For the two most compact structures we do not observe extensive fragmentation, but rather only some ETD fragments from the termini. Comparing these fragmentation patterns to the observed compact CCSs that these two species display, it is expected that significant higher-order structure is maintained for these conformations. As all conformations are activated under similar conditions, the differences in fragmentation patterns might point towards a loss of non-covalent interactions between or within the three-helix bundle in the gas-phase for the three most extended conformations, whereas the more compact conformations seem to retain enough interactions to keep the fragments together, even with supplemental activation applied. It should be noted that the P XD conformations of the 5 + charge state are stable up to 60 V collision energy, whereas a maximum of 50 V was used to release the fragments.
To analyze the broad range of P XD structures which we observed in the gas phase, we turned to computational modeling. (Fig. S7C) . Next, we used steered MD (SMD) simulations to investigate the partial unfolding of [P XD ] 5+ in the gas-phase. SMD has been successfully used to study the unfolding of a variety of proteins in solution 24 . In our calculations, the gyration radius of the protein (see Fig. S8A ) -and hence the CCS that correlates with it ( Fig. S8B) Fig. 4 . Because of the match between calculated (stable plateaus, i.e. regions where the radius of gyration remained constant) and experimental CCS, visual inspection of these conformations may give insights into the partial unfolding of the protein in the ESI-MS experiment and explain its observed ETD fragmentation patterns (Fig. 3) . In the folded state, the three α-helix bundle slightly opens up (I in Fig. 4 ). This leads to the ejection of α-helix 3 (II). For both conformations I and II, which are rather compact, we do not see much ETD
fragmentation. This is consistent with the conformers' degree of secondary and tertiary structures. In III, α-helix 1 and α-helix 3 unravel. The latter is partially replaced by a new α-helix, closer to the C-terminus than α-helix 3. This replacement of helix 3 by one located
closer to the C-terminus is consistent with the absence of fragments observed in the ETD experiments ( Fig. 3 and 4B ): strong interactions are maintained in this region, preventing a release of the fragments. In IV and V, α-helix 2 progressively unravels. A "silent" area, which
is not sequenced, is observed between amino acids 22 and 28 throughout all conformations and levels of applied supplemental activation (Fig S5) . Although α-helix 2 slowly starts to unravel for the two most extended conformations, this region maintains a strong α-helical character (Fig. 4B) , possibly preventing the release of any fragments. A similar effect is observed for the area encompassing the newly formed α-helix near the C-terminus. The formation of this new α-helix is interesting, as it is in this region that poor sequence coverage is obtained for the three largest conformations. This "silent" area, which is not sequenced, is followed by an unstructured region that is fully sequenced. This is again in agreement with the fragmentation patterns observed for conformations IV and V (Fig. 4) .
These results validate that native top-down ETD combined with IM-MS provides significant structural information: the models for conformations I-V show to be consistent with experimental CCS data and furthermore provide a structural explanation for the ETD fragmentation patterns measured here.
The observation that even at 50V of supplemental activation after ETD, we do not observe fragments from certain regions is interesting. Ever since the first research using radical driven fragmentation was applied to proteins, it was observed that supplemental activation is required to release fragments from the remaining complex [27] [28] [29] . However, as we go up stepwise in supplemental activation, we observe that after 30V the fragment pattern observed does not significantly change. This suggests that certain regions are simply not sequenced, or so stable that CID fragmentation occurs prior to release of these ETD fragments. As our results suggests that these regions maintain a high degree of secondary structure, a more systematic study on a well characterized protein structure should be performed to study the relation between gas-phase structure and the hierarchy of release of fragments with increasing supplemental activation.
To further validate our hypothesis that the behavior of P XD is caused by unraveling of the three-helix bundle, we added the protein N TAIL to P XD . The protein N TAIL is a binding partner of P XD and forms a 1:1 complex. Binding of the intrinsically disordered protein N TAIL to P XD is mediated by a disorder-to-order transition in the αMORE (molecular recognition elements) region of N TAIL , forming an α-helix that binds to the three-helix bundle motif of P XD with an affinity in the micro molar range 30 . The interactions between P XD and N TAIL have been studied by IM-MS before, showing the formation of a 1:1 complex in the gas-phase 18 . As the threehelix bundle is required for binding of P XD and N TAIL , we performed native top-down ETD on the N TAIL -P XD complex, to see if a difference in the fragmentation pattern for P XD can be observed. The fragile nature of the N TAIL -P XD interaction is reflected in the dissociation of the complex in the gas-phase upon supplemental activation after ETD (Fig. S9A) . However, as the ETD reaction takes place before the transfer cell, where dissociation can be induced, fragments observed should still reflect the nature of the N TAIL -P XD complex. Top-down ETD of the native N TAIL -P XD complex shows exclusively fragmentation at the N-and C-termini of P XD (Fig. 5 ) over a broad range of collisional activation. These results are interesting as the much larger N TAIL protein show a more extensive fragmentation, suggesting that the absence of fragments for P XD is not caused by a low ETD fragmentation efficiency, but rather due to retention of the structure of P XD ( Fig. 5 and S9B ). The fragment patterns of P XD generated from its complex with N TAIL resemble these observed for the two compact conformations of P XD alone, where only fragments from the termini of P XD were observed due to the retention of higher order structure. Similar as for PXD alone, the fragment pattern is not changed with increasing collision energy, further reinforcing a possible relationship between higher order structure and the observed ETD fragments.
Discussion
Here we present data in which ETD fragment ions have been generated from distinct conformational states of multiply charged protein ions within the same experiment. This method was employed to generate simplified spectra, each containing the product ions originating from the different more compact or elongated conformations of structurally heterogeneous proteins. Extraction of the relevant product ion spectra from the 2D heat map allows linking of sequence-specific information with individual conformations of the protein.
In conclusion we show that the top-down ETD fragmentation process is conformationspecific and can thus differentiate individually coexisting conformations of a protein in a single experiment. By doing so we established native top-down electron transfer dissociation as a powerful addition to the toolbox of mass spectrometry techniques for structural biology. Paired with ion mobility, native top-down fragmentation approaches can provide essential structural restraints, both globally at low resolution (distinguish conformations by CCS (Å 2 )) and per residue (determine solvent accessibility or flexibility). These restraints in turn could be used to refine or validate models generated from homology modeling or molecular dynamics 31, 32 , or serve as selection criteria for possible candidates from large ensembles of structures, as can e.g. be generated with software such as the Flexible Meccano package for intrinsically disordered proteins 33 .
Methods

Sample preparation:
The pDEST14 vector, allowing the expression of N-terminally hexahistidine tagged recombinant N TAIL under the control of the T7 promoter, and the pDEST14 construct encoding C-terminally hexahistidine tagged MeV XD were used for the expression of the recombinant proteins. Expression and purification of the protein was carried out as described previously 16, 23 , except that the final gel filtration step was carried out using 10 mM where the ETD fragmentation takes place, was 300 m/s with a wave height of 0.25 V. Data acquisition and processing were carried out using MassLynx4.1. Peak assignment was performed by manually comparing the observed fragment masses with an in-silico generated fragment list from the protein sequence. A cutoff of 3 times signal-to-noise or greater was used to determine which fragments were considered to be observed. Relative intensities of fragments were obtained by normalizing the fragment intensities against the most intense fragment observed. For spectra with multiple conformations another normalization round was performed, which scaled each intensity relative to the area under the drift time curve of the conformation it was found in.
Experimental collision cross sections (CCS) were determined by calibration against denatured proteins of known CCS (cytochrome C, ubiquitin and myoglobin) as reported elsewhere 34 . Denatured proteins were chosen as their charge and CCS increment reflects the unfolding of P XD in the gas-phase and the intrinsically disordered nature of N TAIL better than native globular proteins would.
Computational modeling: Based on the solution NMR structure of P XD (residues 462-505, PDB ID: 2K9D 23 ), 200 initial models of P XD (residues 459-507 with attached C-terminal hexahistidine tag) were generated using MODELLER 9v9 package 35 . The lowest-DOPE (discrete optimized protein energy) score 36 model was selected as the starting structure for the following MD-based refinement in solution. The protonation states of residues in solution were assigned according to the corresponding pK a values calculated by using the H++ webserver 37 . P XD was inserted into a water box with edges of 505851 Å 3 containing ~4,420
water molecules and 5 Cl -ions to neutralize the system. The AMBER ff99SB-ILDN force field [38] [39] [40] [41] and TIP3P force field 42 were used for the protein and Cl -ions, and for water, respectively. Periodic boundary conditions were applied. Electrostatic interactions were calculated using the Particle Mesh Ewald (PME) method 43 , and the cutoff for the real part of the PME and for the van der Waals interactions was set to 1.0 nm. All bond lengths were constrained using the LINCS algorithm 44 . Constant temperature and pressure conditions were achieved by coupling the systems with a Nosé-Hoover thermostat 45, 46 and an Andersen-Parrinello-Rahman barostat 47 . A time-step of 2 fs was employed. The protein underwent 1000 steps of steepest-descent energy minimization with 1000 kJ mol −1 nm −2 harmonic position restraints on the protein complex, followed by 2500 steps of steepestdescent and 2500 steps of conjugate-gradient minimization without restraints. The system was then gradually heated from 0 K up to 300 K in 20 steps of 2 ns. 200 ns long MD simulation at 300 K and 1 atm pressure was carried out using GROMACS 4.5.5 48 . The structure closest to the average conformation of the protein in aqueous MD simulation, which is in good agreement with the experimentally measured chemical shifts 16 ( Fig. S6) , was employed as starting structure for the gas-phase simulations. (Fig. S5) , the selected aqueous structure with the identified lowest energy protonation state for the [P XD ] 5+ underwent steered molecular dynamics (SMD) simulation at 300 K for 72 ns in the gas phase to enforce the protein to extended conformation by pulling the gyration radius (R g ) of the protein (see Fig. S8 ). The SMD spring constant was set as 500 kJ•mol -1 •nm -2 , the velocity is 0.0001 nm per 1000 steps and the target R g value is 4.5 nm. These values are similar to those applied in ref. 50 . The SMD was carried out using GROMACS 4.5.5 48 and PLUMED plug-in 50 with the same setup as the one described for the aqueous MD simulation, except that the time step was 1.5 fs and the force field was OPLS/AA 49 . Theoretical CCS values were calculated for structures every 15 ps using the projection approximation (PA) method implemented in the MOBCAL code 51, 52 . Solution model of the N TAIL -P XD complex as calculated previously 18 The structures of P XD and N TAIL are depicted in grey, with the observed ETD fragments mapped in red, whereas observed fragments for the intrinsically disordered protein N TAIL are colored orange.
